The non-isothermal crystallization behavior of polypropylene (PP)/zinc oxide composites with various mass ratios was investigated by differential scanning calorimetry. The Jeziorny and Mo models were applied to calculate the non-isothermal crystallization kinetic parameters of the composites. During non-isothermal crystallization, the width of the exothermic peak increased from 7°C to 12°C with increasing cooling rate. The exothermic peak position at 10°C shifted to a lower temperature, and the half crystallization time t 1/2 decreased from 2.86 min to 0.51 min. The Friedman model was used to determine the variation of activation energy at each stage of crystallization. The crystallization activation energies obtained varied significantly at each stage of crystallization. The crystallization activation energy of PP was -126.8 kJ/mol at 70% relative crystallinity but reached -232.8 kJ/mol at 10% relative crystallinity.
Introduction
Polypropylene (PP) is widely used in daily life because of its convenient molding processing, low cost, and good mechanical properties. PP applications include areas such as packaging, household materials, and automobiles [1] . However, because of its rapid aging [2] and sensitivity to bacteria [3] , the applications of PP are limited. Therefore, improvement of the antibacterial properties and anti-aging permanence of PP is greatly significant for industrial technological progress [4, 5] . Addition of inorganic nanoparticles, such as TiO 2 , SiO 2 , CaCO 3 , and zinc oxide (ZnO), to the PP matrix can improve its mechanical, electrical, and optical properties. Among these inorganic nanoparticles, ZnO, as a kind of inorganic filler, exhibits high antibacterial property and thermal conductivity [6, 7] . The moderate cost and convenient surface modification ability of ZnO have sparked intense interest in this compound from the scientific community.
Research on crystallization behavior, which is closely related to the actual crystallization process, has recently increased. Isotactic polypropylene (iPP) is a semi-crystalline polymer with a crystallization behavior affected by many factors. Spherulites formed by isothermal crystallization of PP from melts have been investigated. In Padden's research, four types of spherulite were identified, and their structural morphology, optical properties, melting behavior, and growth rates were examined [8] . Naffakh discussed the isothermal crystallization kinetics of iPP with inorganic fullerene-like WS 2 nanoparticles. Avrami studied the relationship between crystallization time and relative crystallinity under isothermal conditions [9] [10] [11] . In real-life situations, however, external conditions change continuously; thus, the kinetics of crystallization depend on instantaneous conditions as well as on the rate of change [12] . Researchers have sought to study the non-isothermal crystallization of polymers because actual processing conditions in this process are closer to non-isothermal cycles than to isothermal cycles. Based on Avrami's model, Jeziorny [13] established a model that may be applied in the crystallization behavior of polymers at a constant cooling rate. In his research, non-isothermal crystallization was regarded as a set of infinitesimal isothermal crystallization processes, and crystallization kinetic parameters were calculated. Further, the crystallization rate was corrected using the cooling rate.
Addition of inorganic fillers affects the crystallization behavior of PP [14, 15] , and the crystallization process directly affects the physical properties and processing properties of the resultant products. In this study, PP/ZnO systems with various blend proportions were obtained, and the non-isothermal crystallization kinetics and melting behaviors of these systems were investigated. Control of process conditions can provide theoretical and experimental bases for the preparation of composite materials with antibacterial properties. Using interfacial adhesion as an important criterion in determining the mechanical and physical properties of composites, the non-isothermal behavior of PP/raw-ZnO composite was compared with that of PP/modified-ZnO (PP/m-ZnO) composite.
Materials and methods

Materials
The materials and equipment used included the following: polypropylene (YPJ630, Yangzi Petrochemical Company, Nanjing, Jiangsu, China); original ZnO (raw-ZnO); coupling agent-treated ZnO (m-ZnO), self-prepared; torque rheometer (XSS-300, Shanghai Branch Chong Rubber Equipment Co., Ltd., Shanghai, China); and differential scanning calorimeter (DSC, Q200, TA Instruments, New Castle, Delaware, USA).
Preparation of composite materials
Certain proportions of raw materials (PP/ZnO, 100/0 (1#); PP/raw-ZnO, 90/10 (2#); PP/raw-ZnO, 80/20 (3#); PP/rawZnO, 70/30 (4#); PP/m-ZnO, 90/10 (5#); PP/m-ZnO, 80/20 (6#); and PP/m-ZnO, 70/30 (7#)) were mixed in a torque rheometer with a 200 ml cavity. The temperature was maintained at 180°C, and the speed was set to 50 rpm. After mixing for 3 min, the materials were recycled for 2 min and preloaded into sheets using a plate vulcanizing machine.
The temperature of the lower plate on the flat vulcanizing machine was set to 180°C. The composites obtained were placed in 2 and 4 mm molds with top and bottom surfaces padded with polyethylene terephthalate polyester film. The composites were then pressed using a flat vulcanizing machine for 3 min at 1 MPa, 10 min at 3 MPa, and 5 min at 10 MPa. The final samples were obtained after cold pressing at 25 tons for 10 min.
Differential scanning calorimetry
Approximately 10 mg of the composite samples was weighed and placed in the DSC cell. All DSC analyses were performed under a nitrogen atmosphere and 50 ml/min flow rate. The samples were heated from room temperature to 200°C at a heating rate of 40°C/min and then held for 3 min to eliminate their thermal history. Afterward, the samples were cooled to 50°C at constant cooling rates of 2.5, 5, 10, and 20°C/min and then heated to 200°C at a heating rate of about 10°C/min. Thermal changes during this entire process were recorded. Figure 1 shows the non-isothermal crystallization exothermic curves of two 10% ZnO composite material samples at four cooling rates. The arrangement of polymer molecular chain segments during crystallization always lags behind temperature decrease; hence, low temperatures are not beneficial to the movement of the molecular chains. Hysteresis is more obvious at high cooling rates than at low ones. The exothermic curves of the various samples exhibited wider exothermic peaks with increasing cooling rate, and the position of the exothermic peak gradually shifted in the direction of lower temperature. The width of the exothermic peak increased from 7°C to 12°C with increasing cooling rate, and the exothermic peak position at 10°C shifted to a lower temperature. The initial crystallization temperature (T c on ), final crystallization temperature (T c f ), and crystallization peak temperature (T c P ) of the composite materials separately loaded with two types of ZnO particles remained essentially unchanged compared with the original PP. However, a shift toward low temperatures was observed with increasing cooling rate.
Results and discussion
Non-isothermal crystallization kinetics
The Jeziorny method, the most common method for studying non-isothermal crystallization processes, is described by the following relationships:
where X(t) is the relative degree of crystallinity at time t, n is the Avrami index, Z t is the crystallization rate constant, t is the time of crystallization, T 0 is the initial temperature of crystallization, T is the temperature of crystallization, and D is the cooling rate. Figures 2 and 3 show the relationships of relative crystallinity with temperature and time, respectively. Figure 4 illustrates the curve of log[-ln(1-X t )] versus log t of the 20% ZnO composites at the indicated cooling rates. Jeziorny used cooling rate as a calibration factor and equation (3) to correct the Avrami parameter Z t and obtain the non-isothermal crystallization kinetic parameter Z c during non-isothermal crystallization. Table 1 shows the crystallization rate constant Z c , the apparent Avrami index n, and the crystallization half time t 1/2 at various cooling rates. Each curve in the main crystallization phase showed a good linear relationship (correlation coefficient correction Adj. R 2 > 0.99) by linear fitting. With increasing cooling rate, Z c increased from 0.23 min -1 to 1.14 min -1 and the range of n increased from a minimum of 2.65-5.14.
The Avrami index n indicates that the crystallization mechanism of the samples is complete homogeneous nucleation accompanied by three-dimensional spherulite growth. Given the effects of various cooling rates, the n of [16] and other researchers combined the Avrami and Ozawa [17] equations and obtained a new approach to describe the non-isothermal crystallization kinetic equation. In any research system, the crystallization process is closely related to time t and temperature T. Under non-isothermal conditions in the same system, the cooling (or heating) rate D, the relationship of time t, and the temperature T are related by the equation (2) mentioned above.
When a certain relative crystallinity of C(T) is elected, X(t) corresponds to a cooling rate D at this temperature. Then, the following relationships can be obtained:
Mapping lg D vs. lg t yields a series of straight lines where the intercept lg F(T) and slope -a can be obtained. The physical meaning of F(T) corresponds to the cooling (or heating) rate required to achieve relative crystallinity within a unit time. Here, n is the apparent Avrami index, and m is the Ozawa index during non-isothermal crystallization.
The curves for the two 10% ZnO samples showed high linearity when fitted using the Mo Zhishen method (correlation coefficient correction Adj. R 2 > 0.98; Figure 5 ). The intercept and slope from the fitted line respectively correspond to F(T) and a. The calculation results are shown in Table 2 . For all samples, F(T) increased monotonically from 6.52 to 6.52 with increasing relative crystallinity. This result indicates that, within a unit time, a high cooling rate is necessary to achieve high conversion during crystallization phase transition of a polymer. The range of a was relatively small, with values falling between 1.138 and 1.379.
Crystallization activation energy
Vyazovkin [18] showed that the Kissinger equation [19] often used for cooling processes is not suitable for nonisothermal crystallization and that inaccurate activation energy values may be obtained through this approach. In this case, the differential conversion method of Friedman is more appropriate. The Friedman equation is as follows:
where R is the gas constant (R = 8.314 J/(mol·K)), dX t /dt is the instantaneous crystallization rate for a given conversion, and T is the corresponding temperature (K) with a given conversion rate for the different cooling rates. The crystallization activation energies of various samples changed with their relative crystallinity ( Figure 6 ). The activation energies in all stages of crystallization showed large differences. The activation energy of crystallization for PP was -126.8 kJ/mol at 70% relative crystallinity but reached -232.8 kJ/mol at 10% relative crystallinity. The crystallization activation energy decreased with continuous increases in relative crystallinity, which indicates that the energy necessary to achieve the crystallization processes decreases and that the crystallization capacity weakens. The modified composites possessed better activation energies compared with the original PP and unmodified materials because of the excellent binding force between ZnO powders and the PP matrix. At 90% relative crystallinity, the crystallization activation energy remarkably increased. This behavior may be attributed to secondary crystallization processes in the crystal.
Conclusion
In summary, addition of two types of ZnO particles to composites undergoing non-isothermal crystallization did not result in significant changes in their crystallization behavior. The initial crystallization temperature (T c on ), final crystallization temperature (T c f ), and crystallization peak temperature (T c P ) of the composite materials remained essentially unchanged. Under different cooling rates, the half crystallization time t 1/2 of each sample was < 3 min. Each curve in the main crystalline stage showed good linearity based on the Jeziorny method. Z c increased from 0.23 min -1 to 1.14 min -1 with increasing cooling rate. The value of n varied greatly and increased from a minimum of 2.65-5.14. With increasing relative crystallinity, F(T) monotonically increased. Within a unit time, a high cooling rate is required to achieve high conversion rates during crystallization phase transition of the polymer.
